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Quantum networks are distributed quantum many-body systems with tailored topology and con-
trolled information exchange. They are the backbone of distributed quantum computing architec-
tures and quantum communication. Here we present a prototype of such a quantum network based
on single atoms embedded in optical cavities. We show that atom-cavity systems form universal
nodes capable of sending, receiving, storing and releasing photonic quantum information. Quantum
connectivity between nodes is achieved in the conceptually most fundamental way: by the coherent
exchange of a single photon. We demonstrate the faithful transfer of an atomic quantum state and
the creation of entanglement between two identical nodes in independent laboratories. The created
nonlocal state is manipulated by local qubit rotation. This efficient cavity-based approach to quan-
tum networking is particularly promising as it offers a clear perspective for scalability, thus paving
the way towards large-scale quantum networks and their applications.
Connecting individual quantum systems via quantum
channels creates a quantum network with properties pro-
foundly different from any classical network. First, the
accessible state space increases exponentially with the
number of constituents. Second, the distribution of quan-
tum states across the whole network leads to nonlocal
correlations. Further, the quantum channels mediate
long-range or even infinite-range interactions which can
be switched on and off at will. This makes quantum net-
works tailor-made quantum many-body systems with ad-
justable degrees of connectivity and arbitrary topologies,
and thus powerful quantum simulators. Open questions
like the scaling behaviour, percolation of entanglement
[1], multi-partite entanglement [2, 3] and quantum phase
transitions [4–6] make quantum networks a prime theme
of current theoretical and experimental research. Simi-
larly, quantum networks form the basis of quantum com-
munication and distributed quantum information pro-
cessing architectures, with interactions taking the form
of quantum logic gates [7–10].
The physical implementation of quantum networks re-
quires suitable channels and nodes. Photonic channels
are well-advanced transmitters of quantum information.
Optical photons can carry quantum information over
long distances with almost negligible decoherence and are
compatible with existing telecommunication fibre tech-
nology. The versatility of quantum networks, however,
is largely defined by the capability of the network nodes.
Dedicated tasks like quantum key distribution can al-
ready be achieved using send-only emitter nodes and
receive-only detector nodes [11]. However, in order to
fully exploit the capabilities of quantum networks, func-
tional network nodes are required which are able to send,
receive and store quantum information reversibly and ef-
ficiently.
The implementation and connection of quantum nodes
is a major challenge and different approaches are cur-
rently being pursued. An intensely studied example are
ensembles of gas-phase atoms [12–14], but the protocols
for the generation of single excitations are inherently
probabilistic [9]. Another strong contender are single
particles [15], which allow for single-photon emission [16],
quantum gate operations [17–19], and scalability [20].
But single emitters generally exhibit weak light-matter
interaction resulting, again, in inherently probabilistic
information exchange and very low success rates. In par-
ticular, the reversible quantum state mapping between
a photonic channel and a single emitter in free space is
highly inefficient. In their seminal work [8], Cirac and
coworkers therefore proposed to overcome these problems
by network nodes based on single emitters embedded in
optical cavities.
Here we present the first experimental realization of
this prototype of a quantum network. The nodes are
formed by single atoms quasi-permanently trapped in op-
tical cavities. The cavity-enhanced light-matter interac-
tion opens up a deterministic path for interconversion
of photonic and atomic quantum states. By dynamic
control of coherent dark states [8, 21–24], single photons
are reversibly exchanged between distant network nodes.
We demonstrate faithful quantum state transfer across
a network channel and create entanglement between dis-
tant nodes. High fidelities and long coherence times are
achieved by encoding the quantum information in the
polarization of the photon and the atomic ground-state
spin. Our results present the first direct photonic link
between two distant single emitters and pave the way for
the realization of large-scale quantum networks.
In the following, we describe experiments in which
we characterize a single network node and the connec-
tion of two nodes forming an elementary network. The
two nodes are operated in independent laboratories at a
distance of 21 m and are connected by an optical fibre
link of 60 m length. In a first experiment, we demon-
strate that single photons can be stored in and retrieved
from a single-atom node preserving the photonic polar-
ization state. Second, we show the faithful transfer of
arbitrary atomic quantum states from one node to the
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2Figure 1. A cavity-based quantum network. In the envisioned architecture, many single-atom nodes are connected
by single-photon links. Here we explore the universal properties of connecting two nodes within this configuration. In our
experiment these two identical nodes are located in independent laboratories connected by 60 m optical fibre (1). Each node
consists of a single rubidium atom (2) trapped in an optical dipole trap at the centre of a high-finesse optical cavity (3).
Quantum state transfer between the atoms and remote entanglement can be achieved via exchange of a single photon (4), with
the quantum information encoded in the internal state of the atom and the polarization of the photon. Both, the production
of a photon (node A) and its storage (node B) are achieved via a coherent and reversible stimulated Raman adiabatic passage
(see main text for details; red: exchanged photon; green and (5): control laser). The inner and outer insets show fluorescence
images of the two single atoms and the atomic level scheme, respectively.
other. Third, a maximally entangled state of the dis-
tant atoms is created with a fidelity of up to 98 % and is
maintained for at least 100µs. This coherence time ex-
ceeds the entanglement distribution time across the net-
work link by two orders of magnitude and translates into
a maximum possible entangled node distance of 20 km
optical fibre path. Finally, local unitary operations are
performed on one of the nodes resulting in rotations of
the nonlocal bipartite state whereby different maximally
entangled states are created.
A universal quantum network node
Each node in our quantum network consists of a sin-
gle neutral rubidium atom which is quasi-permanently
trapped in a high-finesse optical resonator [24, 25] (see
Methods). The physical parameters put our atom-cavity
systems in the intermediate coupling regime of cavity
QED, with the resonators optimized for highly direc-
tional optical output into a single mode (≥ 90 %) which is
efficiently coupled (up to 90 %) to the fibre link (Fig.1).
The reversible conversion between quantum states of
light and matter is enabled by the dynamic control of co-
herent dark states. The 52S1/2 hyperfine ground states
F = 1 and F = 2 of the single 87Rb atom are coupled in
a Raman configuration formed by the vacuum mode of
the cavity (vacuum Rabi frequency 2g) and an external
control laser field (Rabi frequency ΩC) (Fig.1). Control
laser and cavity are both blue-detuned by several tens of
MHz from the transition to the excited 52P3/2, F
′ = 1
state which – for an ideal coherent dark state – is never
populated. The atom is driven coherently between the
two ground states by controlling ΩC(t). With the atom
initially prepared in |F = 2,mF = 0〉 and ΩC(0) = 0,
a single photon is generated in the cavity mode by in-
creasing the control laser power to ΩC > 2g. Due to the
finite resonator decay time the single photon is imme-
diately emitted into the output mode with its temporal
wave-packet shape determined by ΩC(t) (Fig.2)[26]. The
single-photon character is confirmed by a second-order
correlation measurement (Fig.2e). The efficiency of the
emission process is up to 60 %. The inverse process of
coherent absorption of a single photon is performed as
a time-reversal of the emission process and requires de-
creasing ΩC(t) timed with the arrival of a single photon.
We produce single photons with nearly time-symmetric
shape in one atom-cavity system (Fig.2a) and coher-
ently absorb them in the second system [8]. After a se-
lectable storage time, the photon is reemitted (Fig.2b).
The overall write-read success rate is typically (10±1) %
(all quoted errors are statistical). With a photon pro-
duction efficiency of 60 %, the storage efficiency is cal-
culated to be 17 %. The maximum efficiencies for pho-
ton absorption and emission are set by the atom-cavity
coupling strength g and can approach unity for smaller
cavity mode volumes and vanishing scattering losses at
the cavity mirrors.
For encoding one bit of quantum information (qubit),
we utilize the photonic polarization degree of freedom
and the atomic ground-state spin, i.e. the Zeeman state
manifold in each hyperfine state (Fig.2c and d). When
applying a pi-polarized control laser field, the selection
rules for electromagnetic dipole transitions ensure the
3Figure 2. Universal quantum network node. a, Sin-
gle photons with the shown temporal shape (full width at half
maximum 0.5µs) are produced from node A and subsequently
stored in node B. b They are retrieved after a storage time of
2.5 µs. c, Optical transitions and atomic states of 87Rb used
in the protocol. The atom at node B is initially prepared in
the state |F = 1,mF = 0〉. The polarization of the incom-
ing photon is a superposition of σ+ and σ− components (red
and yellow arrows) and is converted into a superposition of
the |F = 2,mF = ±1〉 states via a stimulated Raman adia-
batic passage using a pi-polarized control laser (green arrows).
In the process, the phase relation between the σ± polariza-
tion components is mapped to a relative phase of the atomic
Zeeman states. d, The photon is recreated by reversing the
storage process. e, The measured antibunching confirms that
single photons are produced by node A. f, Quantum tomog-
raphy of the storage process. The minimal deformation of the
unit Poincare´ sphere proves that every initial photonic quan-
tum state is well preserved during storage and retrieval. The
fidelity averaged over all input states is Fqm = (92.2± 0.4) %.
All quoted errors are statistical.
faithful mapping of the polarization state of an incom-
ing photon onto a well-defined superposition of atomic
Zeeman states and vice versa for the reemitted photon.
To characterize the conversion process, we set the polar-
ization of the incoming photon and compare it to that
of the retrieved photon after storage in the atom [24].
The reconstructed Poincare´ sphere after a storage time
of 2.5µs is shown in Fig.2f. The average fidelity of the
quantum memory, defined as the average overlap with the
input state, is Fqm = (92.2± 0.4) % for photons arriving
in a 1 µs time interval (starting at t = 0.2 µs in the graph
in Fig.2a, see Discussion). The measured fidelity is far
above the classical limit [27] of 2/3. This experiment is
the first to prove coherent transfer of a qubit encoded in
a single photon onto a single atom.
Quantum state transfer between single atoms
In the next experiment, we transfer quantum infor-
mation from node A to the distant node B by sending a
single photon across the fibre link. The qubit to be trans-
ferred is the state of the atom in node A represented by
|ψA〉 = α|F = 1,mF = −1〉+ β|F = 1,mF = +1〉,
where α and β are normalized complex-valued ampli-
tudes. We apply a pi-polarized control laser pulse to the
atom at node A, thereby generating a photon in the po-
larization state
|ψphoton〉 = α|L〉+ β|R〉.
Here |L〉 and |R〉 refer to the left and right circular po-
larization components of the photon. After emission
of the photon, the atom at node A is left in the state
|F = 1,mF = 0〉 (Fig.3a, left diagram and ref. [21]). The
photon is transmitted through the optical fibre to node
B. The atom at node B is initially prepared in the state
|F = 1,mF = 0〉. Using the Raman scheme (Fig.3b,
right diagram) the incoming photon is absorbed and its
polarization state is mapped onto the atomic state of
node B, which becomes
|ψB〉 = α|F = 2,mF = −1〉+ β|F = 2,mF = +1〉.
After absorption, an arbitrary quantum state has been
successfully communicated from node A to node B. The
qubit encoded in atom B is identical to the original one in
node A, albeit encoded in the F = 2 hyperfine manifold.
After this quantum state transfer, node A is now ready
to receive another photonic qubit, whereas node B is ca-
pable of resending the stored qubit at any time. It is this
symmetric and reversible feature that makes this scheme
scalable to arbitrary network configurations of multiple
atom-cavity systems.
We analyse the quantum state transfer using quantum
process tomography [28]. For this purpose, we prepare
the atom at node A in a state of the form |ψA〉 by a
projective measurement (see Methods). After quantum
state transfer from node A to node B as described above,
we read out the state of the atom in node B by mapping
it onto the polarization of a second single photon which
is then detected. By comparing a sufficient set of initial
quantum states in node A with the obtained states in
4Figure 3. Quantum state transfer between two single-atom network nodes. a, At node A, an arbitrary quantum
state is encoded in the Zeeman state manifold of the single atom (see Methods). This quantum information is mapped onto the
polarization of a single photon which is sent to node B. b, The photonic polarization is mapped to a superposition of atomic
Zeeman states, thereby completing the quantum state transfer from node A to node B. c, Absolute value of the elements of
the process matrix χ for the quantum state transfer. The average fidelity between the ideal and the read-out transferred state
is (84± 1) %, well above the classical limit of 2/3.
node B we can infer the outcome of the protocol for any
initial state of node A. The process matrix χ describes
the mapping of the density matrix ρA of the state at node
A (taken to be the ideally prepared state |ψA〉) onto the
transferred state ρB at node B through the operation
ρB =
∑3
m,n=0 χmnσmρAσ
†
n. Here the σi are a set of
operators given by the Pauli matrices. For calculating χ
we normalize the density matrices.
Ideally, the two density matrices are identical, which is
equivalent to having χ00 = 1 and all other elements zero.
Fig.3c shows the absolute value of all elements of χ ob-
tained from a maximum likelihood fit to the experimental
data. We find χ00 = 0.76 as the dominating matrix ele-
ment indicating a high level of control over the quantum
process. The main deviation from a perfect state transfer
is a slight depolarization of the quantum state, as indi-
cated by the non-vanishing diagonal elements of χ11, χ22
and χ33. The state transfer can also be characterized by
a fidelity defined as the average overlap between initial
and transferred state. We find Fst = (84± 1.0) %, which
proves the quantum character of the state transfer, as
the highest fidelity achievable with classical information
exchange between the nodes is 2/3. The overall success
rate of the state transfer protocol is 0.2 %, resulting from
a production efficiency of the transmitter photon at node
A of 3 % (see Methods), propagation losses leading to a
photon transmission of 34 % and a storage efficiency at
node B of about 20 %.
Remote atom-atom entanglement
The most remarkable property of a quantum network is
the existence of entangled quantum states shared among
several network nodes. This is a basis for quantum logic
gate operations between nodes and can lead to complex
quantum many-body phenomena.
In the following, we demonstrate the creation of remote
entanglement between distant single-atom nodes based
on the transmission of a single photon. We first prepare
the atom at node A in the state |F = 2,mF = 0〉 (Fig.4).
Applying a pi-polarized control laser pulse triggers the
emission of a single photon and creates the maximally
entangled state
|ψ−A⊗photon〉 =
1√
2
(|1,−1〉 ⊗ |R〉 − |1, 1〉 ⊗ |L〉)
between the spin state of the atom and the polarization
of the photon [21] that is routed to node B. There it is co-
herently absorbed and its polarization is mapped onto the
spin state of atom B. The atom-photon entanglement is
thus converted into entanglement between the two nodes,
with the two atoms in the maximally entangled |Ψ−〉 Bell
state
|ψ−A⊗B〉 =
1√
2
(|1,−1〉 ⊗ |2, 1〉 − |1, 1〉 ⊗ |2,−1〉) .
We verify the presence of this entangled state by map-
ping the atomic state at each node onto a photon and
analyzing the polarization correlations among the two
read-out photons. The real part of the resulting density
matrix, with the read-out performed 7 µs after the cre-
ation of atom-atom entanglement, is shown in Fig.4c.
We find a fidelity of F|Ψ−〉 = (85± 1.3) % with the |Ψ−〉
Bell state. This exceeds the classical limit of 50 %, clearly
proving the existence of entanglement between the two
remote atoms. Fidelities as high as (98.7 ± 2.2) % can
5Figure 4. Remote entanglement of two single-atom
nodes. a, A single photon is generated at node A, such that
the internal state of the atom and the polarization of the
photon are entangled. The photon is sent to node B where its
polarization is mapped onto the atomic state. b This creates
entanglement between nodes A and B that can be maintained
for at least 100 µs. c, For analysis, both atomic states are
converted into single photons. Polarization tomography on
the two photons confirms the entanglement between the two
nodes. We measure a fidelity of F|Ψ−〉 = (85 ± 1.3) % with
respect to the |Ψ−〉 Bell state. Shown is the real part of the
density matrix. The magnitude of each imaginary parts is
≤ 0.03.
be achieved by further post-selection of photon detection
events (see Methods).
The success probability of entanglement creation is
2 %. It is the product of the photon generation efficiency
(40 %) at node A, the probability with which the photon
is delivered to node B (34 %) and its storage efficiency at
node B (14 %). The verification process for the entangle-
ment, consisting of the production of one photon at each
of the two nodes and their subsequent detection, has an
efficiency of 0.16 %.
The entanglement created in this experiment exists be-
tween the spin states of two single atoms at a physical
distance of 21 m. Highly non-classical correlations be-
tween the two atoms are observed for 100µs. The fidelity
with the |Ψ−〉 Bell state measured 100 µs after creation
of entanglement is (56±3) %, still exceeding the classical
threshold of 50 % by two standard deviations. The deco-
herence of the atom-atom entangled state is dominated
by dephasing caused by uncorrelated magnetic field fluc-
tuations (on the order of 1 mG) at the two individual
nodes and position-dependent differential AC Stark shifts
induced by the dipole trap light fields. The dephasing due
to local magnetic field fluctuations can be significantly re-
duced by applying small magnetic guiding fields (30 mG)
along the quantization axis of each node. This has been
used for the measurements with 100µs entanglement du-
ration. The observed remote-entanglement lifetime ex-
ceeds the entanglement creation time (1 µs for creation,
transmission and absorption of an entangling photon) by
two orders of magnitude. Entanglement lifetimes on the
order of seconds can be expected when mapping the Zee-
man qubit to magnetic-field-insensitive clock states using
microwave or Raman pulses [29].
In the limit of unit efficiency, the entanglement scheme
presented here allows for the deterministic creation of
entanglement. In our experimental implementation, effi-
ciencies are below one and we therefore detect a posteri-
ori entanglement [30]. The detection of entangled read-
out photons indicates that atom-atom entanglement had
been present. Only entanglement attempts that lead to
the final detection of two read-out photons in the map-
ping process are considered in our data. The creation
of heralded entanglement is possible by implementing a
mechanism that signals the successful storage of a trans-
mitted photon at node B without disturbing the stored
quantum state. This can be realized by hyperfine state
detection using F = 1 as the bright state [31–33].
Local manipulation of a nonlocal state
Nodes A and B are in separated physical locations and
thus are independently addressable for local qubit con-
trol. When two nodes are entangled, unitary operations
applied locally at one of the nodes change the nonlocal
state of both nodes while the entanglement is preserved.
Thus local qubit control allows one to create arbitrary
maximally entangled two-qubit states using a single ini-
tial entangled state as a resource. We demonstrate this
capability by creating the |Ψ+〉 Bell state. We start by
preparing the two nodes in the |Ψ−〉 Bell state as de-
scribed above. Applying a magnetic field along the quan-
tization axis only at node B causes a state rotation at
twice the Larmor frequency. The fidelity of the created
state with the |Ψ−〉 and the |Ψ+〉 Bell state is plotted as
a function of the applied magnetic field in Fig.5. The
time between entanglement creation and read-out of the
atomic state is fixed at 12.5 µs. As can be seen from
Fig.5, the rotation of the nonlocal state results in a si-
nusoidally varying overlap with the |Ψ±〉 Bell states. The
fidelity with respect to the |Ψ+〉 state reaches a maximum
of (81±2) % at a magnetic field of B = 30 mG. The orig-
inal |Ψ−〉 state is recovered with a fidelity of (76 ± 2) %
6Figure 5. Controlled rotation of the entangled state.
A magnetic field, locally applied at node B, changes the non-
local quantum state of the entangled nodes. The atom at
node A is held at zero magnetic field. The phase evolution
for a fixed hold time of 12.5µs is proportional to the applied
magnetic field. Plotted are the fidelity with the |Ψ−〉 and
|Ψ+〉 Bell state (red and blue data, respectively), showing
a characteristic oscillation. The solid line is a cosine fit to
guide the eye. The initially prepared |Ψ−〉 state (F|Ψ−〉 =
(79± 1.6) %) can be rotated into a |Ψ+〉 state of comparable
fidelity (F|Ψ+〉 = (81± 2) %) using a magnetic field of 30 mG.
after a spin rotation of 2pi. The reduced fidelity with the
|Ψ−〉 state at a field of 60 mG is a result of non-negligible
Larmor precession during the entanglement creation and
read-out processes.
Discussion
The body of work presented here constitutes the first
direct coupling of two distant single quantum emitters
by exchange of a single photon. Our results introduce
universal quantum network nodes based on single emit-
ters. Single-atom–cavity nodes excel previously investi-
gated light-matter interfaces and incorporate their spe-
cific advantages in one platform. The use of single emit-
ters offers a clear perspective for heralding [31–33] and
the integration of quantum gate operations both local
and remote [15, 17–19, 34]. In the following, we briefly
discuss the potential of our specific implementation of
universal quantum network nodes with respect to fidelity
and efficiency of the described processes, storage time,
and scalability.
In all our experiments, atomic state preparation er-
rors due to non-optimal optical pumping reduce the fi-
delity. Not perfectly pi-polarized control lasers and off-
resonant excitations cause deviations from the ideal tran-
sition scheme (Fig.2, 3 and 4). These errors may lead to
emission of photons with excitation paths different from
the Raman scheme. A detailed analysis of transition
strengths and effective Rabi frequencies shows that these
excitation paths lead to delayed photon emission. The
contribution of these photons to the measured signal can
therefore be suppressed by post-selecting subsets of data
based on photon arrival times (see Methods). As an ex-
ample, entangled-state fidelities as high as (98.7± 2.2) %
are reached when considering only the first 50 % of read-
out photons from node A and the initial 14 % of photons
retrieved from node B. These results show the great po-
tential for achieving very high fidelities if the mentioned
imperfections are overcome.
The efficiency achievable with the demonstrated de-
terministic entanglement scheme [8] is higher than what
can be achieved with probabilistic schemes [9, 15]. In
our experiments, it is largely limited by the moderate
atom-cavity coupling strength g. Efficiencies approach-
ing unity may be accomplished when the cavity mode
volume is decreased [33] and mirror scattering losses are
eliminated. The very weak coupling of the nuclear spin of
single atoms to the environment can be exploited to boost
the coherence times of our network nodes by mapping the
Zeeman qubit onto magnetic-field-insensitive clock states
[29].
The number of qubits per node may be increased
through the use of optical lattices and single atom reg-
isters [35]. After the preparation of remote atom-atom
entanglement akin to the procedure shown here, the reg-
isters in different nodes could be shifted to successively
produce many sets of entangled atoms which can then
be used, e.g. for nested entanglement purification. This
possibility, in combination with the long storage times
achievable with single atoms, represents a realistic av-
enue towards quantum communication over arbitrary dis-
tances by means of a quantum repeater protocol [10].
Current advances in photonic technologies allow recon-
figurable routing between different nodes, thereby en-
abling various different network topologies. The con-
trolled interaction between arbitrary nodes and the
plethora of accessible topologies of cavity quantum net-
works are not only an important resource for quantum
information processing—cavity networks also constitute
a suitable paradigm for investigating emergent phenom-
ena such as quantum phase transitions of light [4–6] or
percolation of entanglement [1].
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METHODS
Experimental set-up
The two independent quantum nodes are designed to
operate with similar physical parameters. In each appa-
ratus, a single 87Rb atom is quasi-permanently trapped
inside an optical dipole trap (potential depth U0/kB = 3
and 5 mK) and held at the centre of a high-finesse opti-
cal cavity (finesse 6× 104, mirror distance 0.5 mm, mode
waist 30 µm). Both cavities have asymmetric mirror
transmissions of T1 < 6 ppm and T2 ≈ 100 ppm, lead-
ing to a highly directional (≥ 0.9) single output mode
which is matched to a single-mode optical fibre (effi-
8ciency up to 0.9). A fast-moving mirror can switch the
network from a configuration with optically connected
nodes to a configuration in which the light emitted from
the two nodes is guided to two polarization detection
setups. A single photon generated inside one of the cav-
ities is eventually detected with an efficiency of 0.3, ow-
ing to the quantum efficiency of the detector (0.6) and
all propagation losses. Both systems produce photons
on the D2 line of
87Rb at a wavelength of 780 nm. In
this configuration both atom-cavity systems operate in
the intermediate coupling regime of cavity QED (coher-
ent atom-cavity coupling g ≤ 2pi × 5 MHz, cavity field
decay rate κ = 2pi × 3 MHz, atomic polarization decay
rate γ = 2pi×3 MHz). When a single atom is trapped in-
side each of the cavities, the experimental protocol runs
at a repetition rate of 5 kHz, including optical pump-
ing (20µs), photon generation (1 µs), photon storage (1–
100 µs) and optical cooling of atomic motion (80µs). The
necessary laser beams impinge perpendicular to the cav-
ity axis. The presence and position of single atoms is
monitored in realtime by an electron multiplying CCD
camera, which collects atomic fluorescence light (inset in
Fig.1). In combination with a longitudinally shiftable
standing-wave dipole trap, the atoms are actively posi-
tioned at the centre of the cavity mode [35]. Single-atom
storage times are on the order of one minute.
Projective atomic state preparation for quantum
state transfer
To characterize the quality of the quantum state trans-
fer from node A to node B, the atom at node A is pre-
pared in one of six different initial states of the form
|ψA〉 = α|F = 1,mF = −1〉+ β|F = 1,mF = +1〉, form-
ing a regular octahedron on the Poincare´ sphere. This is
achieved through a projective measurement. The atom
is initialized in the state |F = 2,mF = 0〉, and subse-
quently a single photon is generated using a pi-polarized
laser pulse. This creates the atom-photon entangled state
|ψA⊗photon〉 = 1√2 (|1,−1〉 ⊗ |R〉 − |1, 1〉 ⊗ |L〉). Detec-
tion of this photon in a well-defined polarization state
projects the atom in node A onto a qubit state |ψA〉, with
(α, β) determined by the particular choice of the detec-
tor’s polarization basis. Following this projective prepa-
ration, the known quantum state of node A is transferred
to node B. Read-out of the state of the atom at node B
is performed by mapping it onto a single photon whose
polarization can be analysed. In calculating the fidelity
of the quantum process, we assume perfect preparation
of |ψA〉. It is therefore a lower bound on the fidelity of
the state transfer.
Post-selected fidelities
The ideal Raman schemes depicted in Figs.2, 3 and 4
lead to emission of spatio-temporally well-defined single-
photon wave packets with their polarization determined
by the selection rules. The fidelities reported in the pre-
vious sections are obtained from analyzing correlations
between photon detection events in different polarization
bases. We have identified several experimental imper-
fections which cause deviations from this ideal Raman
scheme: imperfect initial state preparation, misaligned
polarization of the control laser and off-resonant excita-
tions. These imperfections not only affect polarization
correlations but also the temporal wave packet shape of
the emitted photons. A detailed analysis has shown that
these imperfections are generally correlated with delayed
photon emission with respect to the ideal Raman scheme.
In this Article, we usually evaluate all read-out photons
from node A and those photons from node B arriving
within a 1µs time interval centred around the maximum
of the photon wave packet (see Fig.2a). The contribution
of the mentioned non-ideal processes to the measured fi-
delities can however be minimized when only those pho-
ton detection events are analysed that occur early in the
photon’s temporal wave packet. Indeed, we find close to
ideal fidelities for these subsets of data. In the atom-
atom entanglement experiment the fidelity is increased
to F|Ψ−〉 = (98.7± 2.2) % when considering only the first
50 % of the ensemble of detected photons from node A
and the initial 14 % of the ensemble of photons from node
B. The quoted values for F|Ψ−〉 are the unbiased estima-
tor and the statistical standard error. The likelihood
function of F|Ψ−〉 is non-Gaussian.
The imperfections correlated with late photon emis-
sion can also be suppressed by tailoring the single-photon
read-out process directly. When the applied control laser
Rabi frequencies ΩC are kept low and applied for only a
short time, the read-out photon can be made to resemble
the post-selected subset. We have made use of this weak
read-out in the experiments on state transfer and remote
atom-atom entanglement, thereby optimizing for high fi-
delities at the expense of the efficiency of the process. As
all presented schemes are intrinsically deterministic, fu-
ture improvements on the imperfect processes mentioned
above will allow for both, fidelities and efficiencies ap-
proaching unity, without the necessity for any tradeoff.
